The lineshape of $\psi(3770)$ and low-lying vector charmonium resonance
  parameters in $e^+ e^-\to D\bar D$ by Zhang, Yuan-Jiang & Zhao, Qiang
ar
X
iv
:0
91
1.
56
51
v3
  [
he
p-
ph
]  
10
 Fe
b 2
01
0
The lineshape of ψ(3770) and low-lying vector charmonium resonance
parameters in e+e− → DD¯
Yuan-Jiang Zhang1∗, and Qiang Zhao1,2†
1) Institute of High Energy Physics, Chinese Academy of Sciences,
Beijing 100049, Peoples Republic of China and
2) Theoretical Physics Center for Science Facilities,
CAS, Beijing 100049, Peoples Republic of China
(Dated: November 6, 2018)
We investigate the DD¯ production in e+e− annihilations near threshold in an effective Lagrangian
approach. This shows that the lineshape of the cross section near threshold is sensitive to the
contributions from ψ′, though it is below the DD¯ threshold. The recent experimental data from the
BES and Belle collaborations allow us to determine the ψ′DD¯ coupling constant which appears to
be consistent with other theoretical studies. As a consequence, the ψ′-ψ(3770) mixing parameter
can be extracted around the ψ(3770) mass region. Resonance parameters for ψ(3770), X(3900),
ψ(4040), and ψ(4160) are also investigated. The X(3900) appears as an enhancement at around 3.9
GeV in the Belle data. In addition to treating it as a resonance, we also study the mechanism that
the enhancement is produced by the DD¯∗ + c.c. open channel effects. Our result shows that such a
possibility cannot be eliminated.
PACS numbers: 13.66.Bc, 12.38.Lg, 14.40.Gx
I. INTRODUCTION
As the first charmonium state above the DD¯ threshold, the production of ψ(3770) in e+e− → DD¯
serves as a peculiar probe for exploring the QCD dynamics in the interplay of the perturbative and the
non-perturbative regime. During the past few years experimental measurements were performed in the
ψ(3770) region and some interesting observations were exposed. First, BES-II reported a branching ratio
for ψ(3770)→ non-DD¯ up to 15% [1, 2], while CLEO-c found a much smaller non-DD¯ branching ratio [3].
Note that so far only one exclusive channel ψ(3770)→ φη has been observed in ψ(3770) non-charmoniun
strong decays. One major concern is how the light hadrons are produced in cc¯ annihilation. In other
words, whether this process is dominated by pQCD or there are signs for non-pQCD contributions are
questions for both experiment and theory.
Further interests in this issue were raised by a recent non-relativistic QCD (NRQCD) calculation to
the next-to-leading order (NLO) for the ψ(3770) non-DD¯ decays [4], where the authors found significant
QCD corrections from NLO. Implications of such a result would be that non-pQCD mechanisms may
start to play a role. Quantitative studies of non-pQCD mechanisms are presented in Ref. [5, 6], where
the authors show that the long-distance interactions due to intermediate D meson loops are essential for
understanding the non-DD¯ decays of the ψ(3770). This also suggests that a dynamic understanding of
the correlation between the ψ(3770) non-DD¯ decay and the so-called Okubo-Zweig-Iizuka rule evading [7]
mechanism is required.
ψ(3770) production in e+e− annihilation is also useful for further studying the properties of the ψ(3770).
As shown by BES measurement [8, 9], an obvious deviation of the resonance excitations from Breit-Wigner
is observed in e+e− → DD¯. This raises the question about the sources of causing such a deviation, and
the role played by background processes [10]. One possibility is that some new structures in the energy
region between 2.70 and 3.87 GeV may cause such a lineshape anomaly [9]. Above the ψ(3770) mass,
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2the data from Belle Collaboration suggest an enhancement around 3.9 GeV [11], which could be a signal
for resonance. Note that 3.9 GeV is at the open channel threshold for DD¯∗ + c.c. Thus, it would be
interesting to investigate the DD¯∗ + c.c. open channel effects and compare them with the Breit-Wigner
solution in the numerical fits. By clarifying these issues in both experiment and theory we expect that
the ψ(3770) resonance parameters can be determined. Furthermore, the recent controversial results from
BES-II [1, 2] and CLEO-c [3] on the ψ(3770) non-DD¯ decays can be disentangled [5, 6].
In this work we will study the lineshape of the e+e− → DD¯ cross section in an effective Lagrangian
approach. We will show that the cross section experiences important interferences from the ψ′ which will
account for the ψ(3770) lineshape deviation from the Breit-Wigner form. A recent analysis of this issue
was also done by Ref. [12]. In our work, we will show that the near threshold cross sections not only
provide evidence for the ψ′-ψ(3770) interferences, but also provide a peculiar constraint on the dynamics
for ψ′ couplings to DD¯. By determining the gψ′DD¯ coupling, we can then examine the ψ(2S)-ψ(1D)
mixing for the ψ′ and ψ(3770), and extract the mixing angle at the mass of the ψ(3770) [5, 13]. We
will study the energy-dependence of the mixing parameter. It is essential to keep unitarity, and further
dynamical information about the state evolutions could be gained.
We will also investigate the bump around 3.9 GeV observed by Belle [11]. Given the success of the
potential quark model (see Ref. [14] for a recent review), a vector charmonium with JPC = 1−− at
3.9 GeV will cause great concern about the non-relativistic cc¯ phenomenology. We will show that this
enhancement may be caused by the DD¯∗ + c.c. open channel effects.
This work is organized as follows: In Sec. II, we formulate the transition amplitudes for e+e− → DD¯
from different sources, which include charmonium resonance excitations, electromagnetic (EM) back-
ground from the vector meson dominance (VMD) model and open DD¯∗ + c.c. effects via intermediate
meson loops. In Sec. III, we present our numerical results along with experimental observables. A
summary will be given in Sec. IV.
II. THE MODEL
The ingredients considered in this work include charmonium resonance excitations and EM background
(Fig. 1), and open-charm effects via intermediate meson loops (Fig. 2). The charmonium resonance
excitations are constructed in the VMD model [15–17], where the EM field will be decomposed into
vector meson fields with both isospin 0 and 1 components. By taking away explicitly the nearby resonance
contributions from e.g. ψ(3770) and ψ′, the EM background contributions arising from the continuum
part can thus be parameterized by an effective coupling and minimized in the numerical fit.
We also examine the DD¯ final state interactions in e+e− → γ∗ → ψ′ → (DD¯, DD¯∗ + c.c., D∗D¯∗)→
DD¯ due to intermediate DD¯, DD¯∗+c.c., and D∗D¯∗ meson loops as shown in Fig. 2. These contributions
do not double-count the ψ′ excitation in Fig. 1 since a Breit-Wigner is explicitly introduced there.
The effects of such a loop contribution may give rise to both energy dependence of the ψ′ total width
and a relative phase to the QED diagram. However, we note in advance that these contributions are
negligibly small. It also should be clarified that there is no need to consider the intermediate meson loop
contributions for ψ(3770) since the effective coupling gψ(3770)DD¯ is extracted from experimental data and
should have included the loop effects.
To study the DD¯∗ + c.c. open channel effects, we apply the experimental data for e+e− → DD¯∗ + c.c.
from Belle [18]. This is equivalent to isolating out the DD¯∗ + c.c. open channel contributions from all
possible sources, and can be compared with the Breit-Wigner fit.
In order to evaluate the diagrams of Figs. 1 and 2, the following effective Lagrangians are needed:
LVDD¯ = gVDD¯{D∂µD¯ − ∂µDD¯}Vµ,
LVDD¯∗ = −igVDD¯∗ǫαβµν∂αVβ∂µD¯∗νD + h.c.,
LPD∗D¯∗ = −igPD∗D¯∗ǫαβµν∂αD∗β∂µD¯∗νP + h.c.,
LPD¯D∗ = gD∗PD¯{D¯∂µP − ∂µD¯P}D∗µ,
LVD∗D¯∗ = gVD∗D¯∗Vµ[(D∗ν−→∂µD¯∗ν −D∗ν←−∂µD¯∗ν)−D∗ν−→∂νD¯∗µ +D∗µ←−∂νD¯∗ν ] , (1)
where P and V are the pseudoscalar and vector mesons, and ǫαβµν is the antisymmetric tensor.
3A. Charmonium excitations in VMD and EM background contribution
According to VMD [15, 16], the EM current can be decomposed into two parts. One is the hadronic
part containing a complete sum over all isospin-0 and 1 vector meson fields, while the other is the so-
called “bare photon” field. An empirical role played by the EM ”bare photon” field is to assure the proper
normalization of the physical photon field. Its contribution is generally small. Therefore, this part is
minimized in the VMD model.
In reality, it is not possible to include all hadronic vector meson amplitudes. A commonly adopted
method is to include the vector meson resonances in the vicinity of the considered kinematics, and then
treat the unknown part as an EM background which now includes the off-shell contributions from those
faraway resonances and the “bare photon” amplitude. It would also be our strategy here to apply the
VMD model to e+e− → DD¯ near threshold. Figure. 1(a) and (b) demonstrate the hadronic contributions
and the EM background, respectively.
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FIG. 1: Feynman diagrams based on the VMD model for e+e− → DD¯ near threshold. Diagram (a) is for hadronic
vector meson contributions, while (b) represents the EM background.
Setting me ≃ 0, the coupling of vector mesons with the virtual photon can be extracted from experi-
mental data by the VMD model [16, 17]:
e
fψ
=
[
3Γψ→e+e−
2αe|~pe|
]1/2
, (2)
where |~pe| is the electron three-momentum in the vector meson rest frame, Γψ→e+e− is the partial decay
width, and αe = 1/137 is the fine-structure constant.
The amplitude of Fig. 1(a) due to ψ resonance excitations can be written as:
Ta = e
2v¯(k2)γµu(k1)
1
s
m2ψ
fψ
1
s−m2ψ + imψΓψ
gψDD¯(p1 − p2)µ, (3)
where Γψ is the total width of the charmonium resonance, and u(k1) and v(k2) are the Dirac spinors for
the electron and positron, respectively. The four-vectors p1 and p2 are the momenta for the final state
D and D¯ meson.
We parameterize the EM background contributions to e+e− → DD¯ as follows:
Tb = e
2v¯(k2)γµu(k1)
1
s
gc(s)(p1 − p2)µ, (4)
where gc is an effective coupling of the EM background contribution to DD¯. As pointed earlier, this
amplitude contains the “bare photon” contribution and contributions from other vectors which are not
4explicitly included. In this sense, the value for gc will depend on how many vector charmonium states are
included in the fitting. The inclusion of more higher states near threshold will minimize this amplitude.
Combining Eqs.( 3) and ( 4), one obtains the total amplitude for e+e− → DD¯
T =
e2v¯(k2)γµu(k1)(p1 − p2)µ
s
[gc(s) +
m2ψ′
fψ′
gψ′DD¯
s−m2ψ′ + imψ′Γψ′
+
∑
ψi
m2ψi
fψi
gψiDD¯
s−m2ψi + imψiΓψi
eiφi ], (5)
where the ψ′ amplitude is explicitly included, and a phase factor eiφi is added to other charmonium
resonance amplitudes above the DD¯ threshold. Then, the cross section for e+e− → DD¯ can be written
as
σ(e+e− → DD¯) = 8πα
2
e
3
|~p|3
s5/2
|gc(s) +
m2ψ′
fψ′
gψ′DD¯
s−m2ψ′ + imψ′Γψ′
+
∑
ψi
m2ψi
fψi
gψiDD¯
s−m2ψi + imψiΓψi
eiφi |2, (6)
where |~p| is the D-meson three-vector momentum in the overall c.m. frame.
B. Intermediate meson loop contributions and DD¯∗ + c.c. open channel effects
The intermediate meson loops via theDD¯, DD¯∗+c.c. andD∗D¯∗ rescatterings in Fig. 2 can be evaluated
as follows [5, 19]:
TL = −ie2v¯(k2)γµu(k1)1
s
m2ψ
fψ
1
s−m2ψ + imψΓψ
∫
d4p2
(2π)4
∑
polarization
T1T2T3
a1a2a3
F(p22) . (7)
Taking DD¯(ρ) as a example, the vertex functions for the DD¯(ρ) loop are


T1 ≡ ig1(l1 − l3) · εψ
T2 ≡ ig2(l1 + p1) · ερ
T3 ≡ ig3(l3 + p2) · ε∗ρ
(8)
where g1, g2, and g3 are the coupling constants at the meson interaction vertices (see Fig. 2). The four-
vector momentum, l1, l2, and l3 are for the intermediate mesons, respectively, while a1 = l
2
1 −m21, a2 =
l22 −m22, and a3 = l23 −m23 are the denominators of the propagators of intermediate mesons.
Divergences are inevitable in the loop integrals. Since the effective Lagrangian approach is not a
renormalizable theory, a common way to kill the divergences is to introduce a form factor as a cut-off for
those unphysical contributions from the ultraviolet regime. Such a prescription will also compensate the
internal particle off-shell effects. The form factor F(p2) is usually parameterized as
F(p2) =
(
Λ2 −m2ex
Λ2 − p2
)n
, (9)
where n = 0, 1, 2 correspond to different treatments of the loop integrals. If the on-shell approximation
is applicable [20–22], the loop integrals will not suffer from the divergences, and the form factor will take
care of the off-shell effects. In the present work, we consider the dipole form factor, i.e. n = 2, in the full
loop integral. The cut-off energy Λ is usually parameterized as
Λ = mex + αΛQCD, (10)
where ΛQCD = 220 MeV, α is a tunable parameter, and mex is the mass of the exchanged meson. There
are different expressions for the form factor adopted in the literature. However, note that the cut-off is
always tunable. We would generally need experimental data to determine a proper form factor parameter.
5The charmed meson couplings to the light mesons are obtained in the chiral and heavy quark limits [23],
gD∗Dpi =
2
fpi
g
√
mDmD∗ , gD∗D∗pi =
gD∗Dpi
M˜D
,
gD∗Dρ =
√
2λgρ, gDDρ = gD∗DρM˜D, (11)
with fpi = 132 MeV, and M˜D ≡ √mDmD∗ is a mass scale. The parameter gρ respects the relation
gρ = mρ/fpi [24]. We take λ = 0.56GeV
−1 and g = 0.59 [25].
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FIG. 2: Feynman diagrams for intermediate meson loops as corrections for the DD¯ coupling to a charmonium
state.
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FIG. 3: Feynman diagram for the DD¯∗ + c.c. open channel effects.
The DD¯∗ + c.c. open channel effects (see Fig. 3) can be calculated in a similar way. The experimental
data from Belle for e+e− → DD¯∗ + c.c. [18] will allow us to extract the γ∗DD¯∗ coupling gγ∗DD¯∗(s) [19]:
σ(e+e− → DD¯∗ + c.c.) = 4π
3
|~p|3
s3/2
α2e|gγ∗DD¯∗(s)|2, (12)
where |~p| is the D-meson three-vector momentum in the overall c.m. frame.
As briefly mentioned earlier, explicitly adopting the experimental data for e+e− → DD¯∗ + c.c. means
that all the resonances which can couple to DD¯∗ + c.c. are included in the effective coupling form factor
gγ∗DD¯∗(s). This will lead to double-counting with the treatment of explicitly including ψ(3770) and other
resonances. Because of this ambiguity we will only calculate the exclusive open channel contributions in
the following section, and discuss its behavior around the open channel kinematics.
C. ψ′-ψ(3770) mixing
The nonvanishing gψ′DD¯ extracted from the cross section measurement will allow us to investigate the
ψ′-ψ(3770) mixing. As a dynamic consequence of the intermediate DD¯ loop (and DD¯∗ + c.c. etc), such
a higher order effect can be quantified in e+e− → DD¯.
6For two-state ψ′ − ψ(3770) mixing, the covariant propagator can be expressed as [26, 27]:
G =
1
Dψ′Dψ(3770) − |Dψ′ψ(3770)|2
(
Dψ′ Dψ′ψ(3770)
Dψ′ψ(3770) Dψ(3770)
)
, (13)
where Dψ′ and Dψ(3770) are the denominators for the propagators of ψ
′ and ψ(3770):
Di = s−m2i + i
√
s Γi(s), (14)
with the energy-dependent width
Γi(s) =
1
6πs
[g2ψiD+D− |~pD+(s)|3 + g2ψiD0D¯0 |~pD0(s)|3 + · · ·] + Γ
non−DD¯
ψi
, (15)
dominated by the DD¯ channel near the ψ(3770) mass region. |~pi(s)| =
√
s− 4m2i /2 is the three-vector
momentum carried by the intermediate D meson at an energy
√
s.
Dψ′ψ(3770) is the mixing term via the DD¯ meson loop:
Dψ′ψ(3770) =
1
6π
√
s
[gψ′D+D−gψ(3770)D+D− |~pD+(s)|3 + gψ′D0D¯0gψ(3770)D0D¯0 |~pD0(s)|3 + · · ·] , (16)
from which we can define the mixing parameter |ξ|:
|ξi| ≡
∣∣∣∣Dψ′ψ(3770)Di
∣∣∣∣ . (17)
Several points should be made: (i) In the energy region near the ψ(3770) mass (below the DD¯∗ + c.c.
open channel), the DD¯ loop is the dominant contribution to the mixing matrix element. We restrict
the discussion in this region and neglect the contributions from the DD¯∗ + c.c. and other high threshold
loops. But we mention that contributions from the DD¯∗ + c.c. loop are rather small when
√
s is above
the threshold. (ii) In principle, the vertex couplings gψ′DD¯ and gψ(3770)DD¯ should be s-independent in
Eq. (9). In our case, the gψ′DD¯ is extracted by fitting the cross section data, and no obvious s-dependence
is needed within the energy region near threshold. We thus adopt a constant coupling here. Nevertheless,
it shows that the s-dependence of the total width Γi(s) is also weak. This justifies that the mixing
parameter extracted above is at an accuracy of leading order. (iii) In Eq. (15) the non-DD¯ channel
contributions to the total width are rather small due to much weaker couplings. As a leading order
estimate we apply the PDG values to fix these two widths and do not consider their s-dependence, i.e.
Γnon−DD¯ψ′ = 317 KeV and Γ
non−DD¯
ψ(3770) = 4.15 MeV [28].
III. NUMERICAL RESULTS
Proceeding to the numerical calculation, our fitting strategy is to minimize the background contribu-
tions given that the necessary resonance amplitudes are included. We thus perform two separate fits of
the data. One is restricted to the near threshold region (Fit-I) and the other is extended to
√
s ≃ 4.3
GeV covered by the Belle data [11] (Fit-II). This separate treatment is based on the different experimen-
tal situations between BES and Belle. BES has a relatively detailed scan over the energy region from
threshold to the upper end of the ψ(3770) mass, while the energy bins in Belle data are much larger and
the cross sections have larger uncertainties. Moreover, the Belle data are extracted from the exclusive
initial state radiation (ISR) production of DD¯ at c.m. energy 10.58 GeV, and are corrected by the ISR.
The advantage of the Belle data is that they cover nearly all the energies from threshold up to ∼ 5 GeV.
A. Fit-I
Quantum mechanically, the most important contributions to the e+e− → DD¯ cross sections near
threshold would come from the nearby vector charmonia, i.e. ψ(3770) and ψ′. Although ψ′ is below the
7TABLE I: Fitting parameters for e+e− → D0D¯0 and e+e− → D+D− near threshold. The experimental data are
from BES [8].
e+e− → D0D¯0 e+e− → D+D−
gψ′DD¯ 9.05 ± 2.34 7.72± 1.02
gψ(3770)DD¯ 13.58 ± 1.07 10.71 ± 1.75
mψ(3770 (MeV) 3774.0 ± 1.3 3774.0 ± 1.6
Γψ(3770)(MeV) 28.4± 2.9 29.6± 2.9
φ 228.1◦ ± 18.6◦ 190.6◦ ± 21.1◦
χ2/d.o.f 12.28/9 13.32/9
DD¯ threshold, its mass is not located far away. Thus, its off-shell contribution may still be sizable. Since
the ψ′ has a well-defined mass position and total width, we then fix these two quantities in the analysis,
but leave its coupling to DD¯ to be fitted by data.
Other fitting parameters include the mass and total width of ψ(3770), the ψ(3770)DD¯ coupling, and
the relative phase angle between the ψ(3770) and ψ′ amplitude. By fitting these parameters to the
BES data [8], we actually minimize the contributions from the other resonances and “bare photon”. In
Table. I, the fitting results for e+e− → D0D¯0 and e+e− → D+D− are listed separately. It shows that
the values of χ2 are compatible in these two channels. Interestingly, the extracted couplings gψ′DD¯ and
gψ(3770)DD¯ appear to have significant differences in the charged and neutral channel. As a comparison, if
we extract gψ(3770)DD¯ by the PDG data [28], we obtain gψ(3770)D0D¯0 = 12.43 and gψ(3770)D+D− = 12.89,
which are apparently different from the fitted values. In particular, the BES data suggest a relatively
larger gψ(3770)D0D¯0 coupling than gψ(3770)D+D− . We note that in both the charged and neutral channel,
the fitted mass and total width of ψ(3770) are consistent with each other. It is also interesting to note
that the extracted values for gψ′DD¯ are within the range from other approaches [29–32].
In Fig. 4, the fitting results for both channels are presented. The short-dashed curves are exclusive
ψ(3770) cross sections while the long-dashed curves are exclusive ψ′. The solid curves are given by the
interfering amplitudes between ψ(3770) and ψ′ with the relative phase angle φ = 228.1◦ and 190.6◦ for the
neutral and charged channel, respectively. Apart from the coupling differences, the differences between
the phase angles also significantly contribute to the interferences.
As an estimate of higher resonance effects, we take the PDG average of the total width and the upper
limit of the branching ratio Br(ψ(4040)→ DD¯) < 0.2% [28] to extract gψ(4040)DD¯ ≈ 0.34. The ψ(4040)
decay constant can also be extracted from the experimental data by Eq. (2), which gives e/fψ(4040) =
9.35 × 10−3. In Fig. 4 the exclusive cross sections from ψ(4040) are presented as the dotted curves,
which turn out to be negligible near threshold. This justifies the treatment that the cross sections from
threshold to the upper end of the ψ(3770) mass are dominated by ψ(3770) and ψ′ interferences, and
the background contributions (here, they are referred to the “bare photon” and higher resonances) are
minimized.
We also calculate the energy-dependence of the cross section ratio between e+e− → D+D− and e+e− →
D0D¯0 in Fig. 5 to compare with the BES data. This shows an overall agreement, except that we should
note that the ratio may start to deviate from reality at higher energies since other resonances and
mechanisms would start to have stronger interferences. Since the cross sections appear to be sensitive to
tiny discrepancies between the charged and neutral channel, a more precise measurement of this quantity
would be useful for understanding the underlying mechanisms.
B. Fit-II
In this subsection, we fit the experimental data from Belle [11] by including higher resonances. Apart
from ψ(4040) and ψ(4160) from PDG [28], we also include a new state X(3900) in the fit. As shown by
the Belle data for e+e− → D0D¯0 [11], an enhancement is observed at about 3.9 GeV which could be
signals for a charmonium state. Although we fit the data using a Breit-Wigner here, we shall argue later
that this enhancement may be due to the DD¯∗ + c.c. open channel effects.
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FIG. 4: The cross sections for e+e− → D0D¯0 (left panel) and e+e− → D+D− (right panel) fitted by the ψ′ and
ψ(3770) interferences (solid line). The short-dashed line stands for the exclusive ψ(3770) cross section, while the
dashed line denotes the one for ψ′. The dotted line represents the exclusive contribution from ψ(4040). The data
are from BES [8].
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FIG. 5: The cross section ratio between e+e− → D+D− and e+e− → D0D¯0 versus c.m. energy √s. The data
are from BES [8].
The strategy is similar to Fit-I. Namely, we fix the mass and total width of the ψ′ and then leave
gψ′D0D¯0 to be fitted by data. The other fitted quantities include the resonance parameters for ψ(3770),
X(3900), ψ(4040), ψ(4160), and their relative phase angles to the ψ′ amplitude. In Table. II, the fitting
results are listed and can be compared with Table. I.
This shows that the coupling gψ′D0D¯0 appears to be stable in this fit, while parameters for ψ(3770)
exhibit strong sensitivities to the data. In particular, the total width becomes rather small, even smaller
than the PDG average [28]. The phase angle also changes, and the overall effects are that the cross sections
at the ψ(3770) mass are increased. Such a dramatic change is likely due to the significant discrepancies
between the BES and Belle data. Again, a detailed scan over the threshold region is strongly required.
The fitted total widths for X(3900) and ψ(4040) turn out to have large uncertainties.
We plot the fitting results in Fig. 6, which appear to be in good agreement with the Belle data. In
comparison with Fit-I, the importance of ψ′ is consistently highlighted. Exclusive cross sections from
other resonances are also presented in Fig. 6. We note that the smooth-out behavior at the high energy
end is favored by the minimization, and it leads to a negligibly small contributions from ψ(4160). Note
that the data still have rather large uncertainties. The contributions from ψ(4160) should be restudie
9TABLE II: Fitting parameters from Fit-II. The results are obtained by fitting the Belle data [11] for e+e− →
D0D¯0. We separately list the other two fitted quantities here: gψ′D0D¯0 = 9.05±0.37, gψ(3770)D0D¯0 = 13.13±0.65.
The reduced χ2 is χ2/d.o.f = 17.45/19.
M (GeV) Γ (MeV) gVDD/fV (×10−2) φ
X(3900) 3.894 ± 0.011 89.8 ± 12.6 6.76 ± 0.89 104.36◦ ± 7.90◦
ψ(3770) 3.7724 ± 0.002 25.4 ± 1.4 23.2 ± 1.1 198.85◦ ± 4.19◦
ψ(4040) 4.0812 ± 0.008 96.2 ± 11.4 3.48 ± 0.34 101.16◦ ± 11.742◦
with high-quality data, and we will not discuss them much here.
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FIG. 6: The Belle cross section for e+e− → D0D¯0 [11] fitted by Fit-II. The solid line represents the overall
results, the long-dashed line denotes the exclusive contribution from ψ′, and the long-dotted, short-dashed and
short-dotted lines denote the exclusive cross sections from ψ(3770), X(3900) and ψ(4040), respectively.
C. The DD¯∗ + c.c. open channel effects
The enhancement at 3.9 GeV from the Belle data, if is due to resonance excitation, may cause some
confusion about the potential model predictions [14] for the charmonium spectrum since one would not
expect a JPC = 1−− state in this mass region. Taking into account the success of the potential quark
model, an alternative explanation for this structure would be due to the DD¯∗ + c.c. open channel effects
as illustrated by Fig. 3.
With the help of Eq. (12) and experimental data for e+e− → D+D∗−+c.c. from Belle [18], the effective
coupling gγ∗DD¯∗(s) can be extracted. The corresponding datum points are plotted in Fig. 7 in terms of
x (≡ s− (mD +mD∗)2).
We employ two methods to extract the effective coupling form factor:
(i) Form factor one (FF-I)
In the FF-I scheme, we fit the data in Fig. 7 with an exponential function:
gγ∗DD¯∗(s) = g1 exp [−(s− (mD +mD∗)2)/t1] + g0 , (18)
where x = 0 corresponds to the DD¯∗+c.c. threshold, and g1, t1, and g0 are fitting parameters. The above
function can perfectly describe the energy dependence of the effective coupling. By simply extrapolating
the exponential to the DD¯ threshold (dashed line in Fig. 7), we then apply this form factor to calculate
the open channel cross sections.
(ii) Form factor two (FF-II)
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TABLE III: Parameters fitted with FF-I and FF-II for the γ∗DD¯∗ effective coupling form factor. The data are
from Belle [18].
FF-I FF-II
gγ∗DD¯∗ = g1exp[−(s− (mD +mD∗)2)/t1] + g0 gγ∗DD¯∗ = | b0s−m2
X
+imXΓX
+ b1|
g1 8.86± 0.59 b0 3.08± 0.31
t1 1.28± 0.06 mX (GeV) 3.943 ± 0.014
g0 0.43± 0.02 ΓX (MeV) 119.0± 10.0
b1 0.016 ± 0.045
χ2/d.o.f 68.86/53 χ2/d.o.f 47.67/52
In the FF-II scheme, we fit the data in Fig. 7 with a single resonance:
gγ∗DD¯∗(s) =
∣∣∣∣ b0s−m2X + imXΓX + b1
∣∣∣∣ , (19)
with a background term b1. The parameter b0 can be regarded as the product of the γ
∗X coupling and
the XDD¯∗ coupling. This parametrization agrees with the data at higher energies, but drops at the
threshold region.
The above effective couplings should be taken with caution. In principle, the parametrization of the
FF-I scheme contains all the contributions from the vector resonances, while the FF-II scheme contains
only one resonance plus a background. Comparing these two form factors with each other would suggest
the dominance of one single resonance around 3.94 GeV, which seems to support the need for X(3900).
However, it should be recognized that the Breit-Wigner structure fitted by the form factor is largely due
to the collective contributions from nearby resonances such as ψ(4040). The parametrization somehow
tilts the resonance signal due to the unphysical background term. In fact, both Belle [18] and BABAR [33]
observe the dominant ψ(4040) in e+e− → DD¯∗+ c.c., but there are no signs for the X(3900) there. This
could, in fact, support the fact that the enhancement at 3.9 GeV in e+e− → DD¯ is due to non-resonant
mechanisms. For our purpose of extracting the effective γ∗DD¯∗(s) form factor, these parametrizations
should be acceptable.
0 3 6 9
0
3
6
9
  Experimental Data
  FF -I
  FF - II
 
g
D
D
*(G
eV
-1
)
 
 
x 
FIG. 7: The x-dependence of gγ∗DD¯∗ extracted from the cross sections for e
+e− → D+D∗− + c.c. [18] with
x ≡ s − (mD +mD∗)2. The dashed and dotted line are given by the FF-I and FF-II schemes, respectively. The
vertical line at x = 0 labels the DD¯∗ threshold.
With the form factor coupling gγ∗DD¯∗(s), we can then evaluate the DD¯
∗ + c.c. open channel effects
in e+e− → DD¯. We plot the cross sections from the DD¯∗ open channel in Fig. 8. As a comparison, we
also include the Breit-Wigner form factor (solid line) for X(3900). Taking the cut-off parameter α = 2.5,
the dashed and dotted line are given by those two form factors, FF-I and FF-II, respectively. This shows
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FIG. 8: The comparison of cross sections from different mechanisms around 3.9 GeV. The solid line is given by
a Breit-Wigner resonance X(3900) in Tab. II, while the dashed and dotted line are given by the FF-I and FF-II
schemes, respectively. The vertical line labels the DD¯∗ threshold. α = 2.5 has been taken.
that FF-I can lead to some enhancement to the cross sections below ∼ 3.9 GeV, while the cross sections
from these two form factors are similar to each other above 3.9 GeV. This shows that the behavior of
the solid line is similar to FF-II except that the fitted mass and width are slightly different. The reason
again should be that the fitted form factor FF-II contain all contributions from several nearby states.
Thus, the fitted Breit-Wigner parameters contain unphysical information.
It is interesting to see that the cross section peaks from these different treatments are located in a
similar place. In this sense, we argue that the present data cannot eliminate the possibility that the cross
section enhancement at around 3.9 GeV could be from the DD¯∗ open channel contributions.
D. ψ′-ψ(3770) mixing results
Following the discussion of Sec. II C, we now investigate the energy dependence of the mixing parameter
|ξi| defined in Eq. (17). As mentioned earlier, the s-dependence of the total widths is weak for both ψ′
and ψ(3770) near threshold; we thus keep the widths as constants. The gψ(3770)DD¯ coupling appear
to be different in the charged and neutral channels. Here, for the purpose of investigating the energy-
dependence of the mixing parameter, such a difference can be neglected. We then take gψ′DD¯ = 9.05
(the fitting results) and gψ(3770)DD¯ = 12.66 (the average obtained from Ref. [28]) to extract the mixing
parameter |ξi|. The results are presented in Fig. 9.
The solid line denotes the mixing amplitude |ξψ′(s)| ≡ |Dψ′ψ(3770)/Dψ′ |, while the dashed line is for
|ξψ(3770)(s)| ≡ |Dψ′ψ(3770)/Dψ(3770)|. There are clear physical meanings for these two quantities. At a
given energy
√
s, the value of |ξψ′(s)| denotes the coupling strength of the ψ′ component inside an initial
ψ(3770) state (propagator), while |ξψ(3770)(s)| denotes the strength of the ψ(3770) inside an initial ψ′
state.
The mixing parameter |ξψ′(s)| at
√
s = 3.773 GeV can be related to the ψ(2S)-ψ(1D) state mixing
angle via |ξψ′(s)| ≃ | sin θψ′ | [13] for which we find θψ′ ≃ 5.4◦. This value agrees with the one extracted in
Ref. [5], although it is only about half of the result estimated by Ref. [13]. It is worth emphasizing that
this quantity strongly depends on the coupling strength of the gψ′DD¯ coupling which is a consequence
of the lineshape measurement of the cross sections near threshold. In this sense, the cross section for
e+e− → DD¯ directly provides a constraint on the mixing angle.
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FIG. 9: The energy-dependence of the mixing parameter. The solid line is for |ξψ′(s)| while the dashed line for
|ξψ(3770)(s)|. The vertical line labels the ψ(3770) mass position.
IV. SUMMARY AND DISCUSSION
In this work, we investigate the reaction mechanisms for e+e− → DD¯ from threshold to √s ≃ 4.3
GeV in an effective Lagrangian approach. We find that the cross section lineshape near threshold is very
sensitive to the presence of ψ′. By fitting the cross sections from BES [2] and Belle [11], we succeed in
extracting resonance parameters for ψ′, ψ(3770), X(3900), ψ(4040). The shows that the coupling gψ′DD¯
is consistent with those values given by other analyses. We show that it is important to have a reliable
determination of this quantity, not only to understand the lineshape of the cross section at the mass of
ψ(3770), but also to provide a probe for the ψ′-ψ(3770) state mixing.
The analysis also suggests a significant difference between gψ(3770)D0D¯0 and gψ(3770)D+D− , which is
quite different from the PDG averaged values [28]. In order to further clarify this, a precise measurement
of both the D0D¯0 and D+D− cross sections is strongly recommended, and BES-III would have great
advantages regarding this issue [34].
We also study the DD¯∗ open channel effects on the e+e− → DD¯ cross sections. We find that we cannot
eliminate the fact that the enhancement at 3.9 GeV in the Belle data is due to the DD¯∗ open channel
contributions. Further investigation of this mechanism with more accurate data would be needed.
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